Very recently, voltage-clamp fluorometry (VCF) protocols have been developed to observe the membrane proteins responsible for carrying the ventricular ionic currents that form the action potential (AP), including those carried by the cardiac Na þ channel, Na V 1.5, the L-type Ca 2þ channel, Ca V 1.2, the Na þ /K þ ATPase, and the rapid and slow components of the delayed rectifier, K V 11.1 and K V 7.1. This development is significant, because VCF enables simultaneous observation of ionic current kinetics with conformational changes occurring within specific channel domains. The ability gained from VCF, to connect nanoscale molecular movement to ion channel function has revealed how the voltage-sensing domains (VSDs) control ion flux through channel pores, mechanisms of post-translational regulation and the molecular pathology of inherited mutations. In the future, we expect that this data will be of great use for the creation of multi-scale computational AP models that explicitly represent ion channel conformations, connecting molecular, cell and tissue electrophysiology. Here, we review the VCF protocol, recent results, and discuss potential future developments, including potential use of these experimental findings to create novel computational models.
Introduction to voltage-clamp fluorometry
Nanoscale movements within cardiac ion channels fundamentally determine cardiac action potential (AP) dynamics (Hille, 2001) . Genetic mutations (Shah et al., 2005) , post-translational modification (Hund and Mohler, 2014) , and drug binding (Heist and Ruskin, 2010) perturb these movements to alter channel function, causing or preventing deadly cardiac arrhythmias. Despite much progress in understanding how channels sense voltage and selectively allow ions to cross into and out of the cell, the conformational changes that determine AP dynamics are not welldefined. A method known as voltage-clamp fluorometry (VCF) allows simultaneous observation of changes in channel conformation and ionic current kinetics, and very recently, VCF protocols have been established for major cardiac ionic currents including the cardiac Na þ current (I Na ), the L-type Ca 2þ current (I Ca,L ), the rapid and slow components of the delayed rectifier K þ currents (I Kr and I Ks ), and the Na þ /K þ ATPase (I NaK ). Here, we will review the VCF protocol, recent results, and how these findings might be incorporated into computational models to better understand how the nanoscale movements of cardiac ion channels determine the dynamics of myocardial excitation.
The VCF protocol
Cardiac ion channels are typically formed by homologous subunits or domains that comprise six transmembrane-spanning segments (S1eS6). The first four segments (S1eS4) form the voltage-sensing domain (VSD), and segments S5eS6 form the channel pore (Ganetzky et al., 1999; Gellens et al., 1992; Itoh et al., 1998; Long et al., 2005; Qin et al., 2002) . Within the VSD, the S4 segment contains positively charged amino acids that respond to changes in the membrane potential to control pore conformation through the S4eS5 linker (Aggarwal and MacKinnon, 1996; Bezanilla, 2008; Liman et al., 1991; Seoh et al., 1996) . VCF was first used to observe the prototypical Shaker K þ channel VSD with a fluorophore tethered to the S4 segment (Mannuzzu et al., 1996) . As the environment surrounding the S4 was altered by VSD movement in response to changes in membrane potential, the fluorescence emission from the tethered fluorescent molecule was also altered 1 2 3 4 5 6 7 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54 55 (Fig. 1A) . Thus, the change in fluorescence emission could be used to observe the voltage-dependent kinetics of the VSD. Fluorophore tethering for VCF is typically accomplished by introducing a cysteine residue into the area of interest and labeling it with a thiol-reactive fluorophore. Native cysteines are often removed in order increase the specificity of labeling and reduce background fluorescence (Gandhi and Olcese, 2008) . To track VSD conformation, the fluorophore is usually conjugated to a cysteine into the S3eS4 linker (Fig. 1A) . The fluorescence signal created by the change in channel conformation is usually quite small, so large numbers of channels must be expressed to observe a useful signal. The Xenopus oocyte is often used as it is well-known to express large numbers of channels from mRNA that is injected into the cytoplasm. The oocyte also has a dark pigmented layer directly beneath the membrane of the animal pole, which eliminates most of auto-fluorescence from cell, allowing for resolvable fluorescence signals (Gandhi and Olcese, 2008) . In mammalian cells, the wholecell patch clamp configuration has been combined with semiconfocal epifluorescence microscopy to observe Shaker K þ channel conformations (Blunck et al., 2004) . However, cardiac channels have not been successfully studied using this method. One challenge to studying these channels is much lower channel density, in comparison to Shaker.
In the oocyte protocol, channels typically express at high levels 3e7 days after RNA injection, and they are subsequently labeled with a thiol-reactive fluorophore, which binds to the introduced cysteine (Fig. 1B) . Then, ionic currents and fluorescence emission can be recorded using the two-electrode or cut-open oocyte Vaseline gap (COVG) voltage-clamp configuration. The COVG configuration provides faster clamping and lower noise, and is commonly applied to observe Ca 2þ and Na þ channel currents whose fast kinetics are physiologically pertinent (Fig. 1B) (Pantazis Fig. 1 . A) K v channel VCF construct under resting (transparent) and activated (solid) states. The pink dot represents the engineered cysteine residue and yellow star denotes the tethered fluorophore. The movement of the S4 segment causes fluorophore displacement. As a result of quenching by surrounding residues, and changes in fluorophore environment, fluorescence emission is altered. B) Above: mRNA encoding VCF channel constructs are injected into Xenopus oocytes. Channels express at high levels after several days. Channels are then labeled with a fluorophore, which conjugates to the introduced cysteine residues. Below: An example highlighting cut-open oocyte recording, which allows resolution of fast kinetics by clamping a small membrane patch. The upper chamber filled with external solution is clamped to the command voltages, while the bottom channel filled with internal solution is connected to ground. Membrane currents are measured using the electrode filled with 3 M KCL. Fluorescence emission is separated from excitation light by a dichroic mirror and filtered by the emission filter. Finally, it is collected with a photodiode that is connected to a low noise current amplifier . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 and Olcese, 2013; Siefani and Bezanilla, 1998) . Changes in fluorescence emission are tracked simultaneously with a photodiode (Cha et al., 1999a; Rudokas et al., 2014) that is coupled to a patch clamp amplifier or by a photomultiplier tube (Mannuzzu et al., 1996) .
There are multiple physical mechanisms that could underlie the observed changes in fluorescence. First, displacement of the fluorophore upon VSD activation could enable the fluorophore to move from a lipid environment to the extracellular solution, resulting in fluorescence quenching and a right shift in the emission spectrum (Blunck, 2015) . Second, changes in fluorescence emission can also be caused photo-induced electron transfer, a quenching mechanism where electrons are transferred between two molecules via a non-radiative path could reduce fluorescence emission as the fluorophore approaches a quenching molecule (Doose et al., 2009 (Doose et al., , 2005 Marm e et al., 2003; Vaiana et al., 2003) . This transfer typically occurs within the van der Waals radius (10 Å), and the amount of quenching varies between amino acids. Tryptophan and tyrosine are usually the most potent quenchers (Chen et al., 2010) . In support of the latter mechanism, VCF in Shaker K þ channels showed no shift in the spectrum of fluorescence emission, implying that a change in solvent environment is not responsible for the fluorescence signal in these experiments (Cha et al., 1999b) . As it is currently not possible to reliably predict how a fluorophore at a particular position will be quenched, development of VCF DNA constructs often requires cysteine scanning of multiple positions for fluorophore labeling. If multiple labeling sites produce usable signals, the labeled cysteine that minimally perturbs the channel function is typically chosen. Further, the location of the optimal labeling site can depend on the fluorophore's properties, including its solubility, the length of the carbon chain that connects the fluorophore to the thio-reactive group, and its charge content (Hughes et al., 2014) .
Limitations
While VCF has already provided significant insight into the gating mechanisms of many channels, it is important to note that as with any experimental protocol, there are limitations. VCF probes channel conformation by observing fluorescence change, which as described above can be caused by different mechanisms (Cha and Bezanilla, 1997; Chen et al., 2010) . As a result, the fluorescence change may not be related by a linear function to the distance moved by the S4 segment, but instead may be a complex function of multiple factors, including the movement of other nearby domains containing quenching residues, conformational changes within the S4 segment from an a to 3 10 helix (Chakrapani et al., 2010; Long et al., 2007) , and non-linear distance dependence of quenching effects (Lakowicz, 2006) . Different fluorophores can also reveal distinct components of the S4 movements. For example in homomeric KCNQ1 channels, Alexa 488 tracks the fast component of S4 movement that occurs at hyperpolarized potentials, while a slow movement that occurs at depolarized potentials is dominant in the signal produced by Alexa 546 (Zaydman et al., 2014) . It also can be challenging to identify a labeling site, because many positions are not proximal to quenching residues and do not undergo changes in solution environment. This difficulty has been addressed by introducing a quenching tryptophan nearby (Islas and Zagotta, 2006; Mony et al., 2015; Pantazis and Olcese, 2012) .
Another potentially confounding effect occurs when the fluorophore enters the electric field, allowing changes in membrane potential during voltage clamp protocols to cause rearrangement of the fluorescent molecule. This phenomenon, known as the electrochromic effect (Klymchenko and Demchenko, 2002) , can be identified by its rapidity, which tracks the voltage clamp, and linearity-signals do not saturate with increasing voltage. The electro-chromic effect is most often observed when the fluorophore is not well-quenched by the above mechanisms, resulting in a very small or no signal generated by the conformational change.
Background fluorescence is another common difficulty. Because the fluorescence signal is often small (<1% of the total), high levels of background fluorescence can preclude useful measurements. This problem is exacerbated in channels with many extracellular cysteines, where non-specific sulfide binding of the fluorophore increases background levels significantly. To reduce the background in these channels and preclude di-sulfide bonds between the introduced and native cysteines, it is sometimes necessary to remove cysteines from the protein backbone, which can alter channel function (Osteen et al., 2012; Ruscic et al., 2013) .
Moreover, because it is difficult to access intracellular sites, VCF is mostly limited to tracking conformations of extracellular domains. The development of patch clamp fluorometry and fluorescent un-natural amino acid labeling does allow access to intracellular sites (Zheng and Zagotta, 2003, 2000) . However, these methods are still being developed, and it is not clear whether they will be universally applicable.
Finally, VCF is most often applied in the Xenopus oocyte expression system, where channels may exhibit different phenotypes than native cardiac myocytes (Abriel, 2007) . All heterologous expression systems have drawbacks, and it is thus necessary to confirm that channel phenotypes are consistent with what is observed in native cells. In our experience, the phenotypes are quite often similar, implying that the conformational changes observed in VCF are likely consistent with the conformational changes occurring in native cells.
Overview cardiac channel VCF results
VCF has been applied to study the conformational rearrangements of many different ion channel families. We will focus on recent VCF findings that reveal mechanisms of cardiac channel gating, post-translational regulation, and the molecular pathologies of arrhythmia.
Cardiac sodium channel Na v 1.5
The cardiac voltage-gated sodium channel (Na v 1.5) initiates depolarization of atrial and ventricular action potentials. Mutations within Na v 1.5 can cause Long QT syndrome (LQT) (Wang et al., 1995) , Brugada syndrome (Brugada and Brugada, 1992) , sick sinus syndrome (Benson et al., 2003) , and atrial fibrillation Darbar et al., 2008) . Additionally, Na v 1.5 is an important target for anti-arrhythmic therapies; class I anti-arrhythmics target the Na v 1.5 pore to block Na þ flux (Hondeghem and Katzung, 1984) . Functional Na V 1.5 channels can be formed by monomers, and each of these contain four homologous domains that are formed by six transmembrane segments (S1eS6) (Gellens et al., 1992) . As in K þ channels, S1eS4 form a voltage sensing domain (VSD), and S5eS6 form the channel pore. However, unlike K þ channels, each VSD in Na v 1.5 has a distinct amino acid composition, and each plays a different role in regulating Na v 1.5 gating.
VCF was first applied to skeletal muscle Na þ channels (Na V 1.4) and has been used to probe VSD interaction with inactivation (Cha et al., 1999a,b; Goldstein, 2013a, 2013b) , local anesthetics (Arcisio- Miranda et al., 2010; Muroi and Chanda, 2009) , and toxins (Campos et al., 2008 (Campos et al., , 2007 . To probe similar phenomena in the cardiac channel, we recently developed VCF protocols to track each of the VSDs of Na V 1.5. Out of 16 positions attempted, we observed robust signals with DI-V215C, DII-S805C, DIII-M1296C, and DIV-S1618C (Varga et al., 2015 voltage-dependent kinetics. The DI, DII, and DIII VSDs each activated much more rapidly than DIV (Fig. 2) . Deactivation of DI and DII were also rapid, while DIII-and DIV-VSD deactivation was markedly slower than activation (Fig. 2) . To quantify voltage dependence, VSD activation is typically measured by recording peak fluorescence after stepping to various depolarizing potentials, the fluorescence-voltage (FeV) curve. We observed that the V 1/2 of the FeV curves for each Na V 1.5 VSD is more negative than channel activation (G-V curve) (Fig. 2) , suggesting that activation of the VSDs occurs prior to pore opening. The DII-VSD stands out, by completing its activation at higher potentials than the channel conductance, which could suggest that the DII-VSD is a facilitator channel activation whose transition is not absolutely required to open the channel pore (Fig. 2) .
VSD activation can also be observed during protocols that measure channel inactivation. A typical steady-state inactivation protocol measures peak Na þ current during a test pulse that follows 200 ms long inactivation-inducing pulses. Significant inactivation occurs at negative potentials during these pulses, before the channel opens. Thus, the protocol is primarily measuring closedstate inactivation. Tracking DIV-VSD conformation during the steady-state inactivation protocol reveals a striking correlation between DIV-VSD activation and closed-state inactivation ( Fig. 2 ) (Varga et al., 2015) , similar to previous findings in Nav1.4, where DIV-VSD activation was found to be the rate limiting step of channel inactivation (Capes et al., 2013) .
One potential difficulty with VCF experiments is that the detected VSD movement and channel gating may only be spuriously correlated, moving with a similar time and voltage dependence, but without any physical connection. To test whether there is a physical connection between the VCF-detected change in conformation and channel gating in Na V 1.5, we introduced point mutations to simultaneously perturb VSD and ionic current kinetics. Then, by observing how the kinetics of VSD activation and ionic current changed in concert, we could begin to define their relationship. Databases of disease-linked mutations provide a guide to locations where channel kinetics are altered, while channel expression is preserved. To test this approach, we introduced two Brugada Syndrome mutations, A735V and G752R, that are found in the DII-VSD (Fig. 3A) . We found that the A735V mutation dramatically shifted DII-VSD activation to depolarized potentials, while the G752R mutation significantly slowed DII-VSD kinetics ( Fig. 3B ) (Varga et al., 2015) . The ability of the channel to open at potentials negative to the DII-VSD activation in A735V and at times prior to activation in G752R, confirmed our initial suspicion that the DII-VSD is a facilitator of activation, but is not absolutely required for opening. Moreover, while the ionic current phenotype was similar for both mutants (slowed activation), the molecular phenotype was strikingly different, which could significantly affect the interaction of the channel with therapeutic molecules.
Future work using these Na V 1.5 VCF constructs may reveal details of a subunit interaction with accessory b subunits, the molecular pathology of inherited mutations, how class I antiarrhythmic drugs interact with the VSDs, and mechanisms whereby post-translational modifications control channel gating. VCF data will also be tremendously useful for creating computational AP models. For example, traditional, HodgkineHuxley type, models imply that each of the channel "gates" must be open before the channel is able to conduct ionic current. This requirement has persisted to date, even in modern Markov type models that simulate complex drug interactions (Moreno et al., 2011) . In contrast, the above DII-VSD results imply that the Na V 1.5 pore may open even if the DII-VSD gate remains in the resting conformation, which would require an allosteric model. Moreover, the VCF data also provides a molecular connection, revealing specific channel domains that are responsible for the transitions that are represented in the model. Thus, by parameterizing computational models with VCF data, it will be possible to explicitly represent experimentally measured channel conformational dynamics within models of the AP. Such models will be able to connect the molecular dynamics of Na V 1.5 channel gating, drug interaction and post-translational modification to the cell and tissue dynamics. Representative current and fluorescence traces of four Na v .1.5 VCF constructs, describing four VSDs, in response to voltage pulses from À100 mV, a 50 ms step to À120 mV preceded 20 ms-long depolarizing pulses of À150, À90, À30, þ30 mV. These steps were then followed by a 50 ms step to À120 mV before returning to the holding potential. G-V curve (black circles), SSI (black squares), and the corresponding fluorescence voltage relationship FeV curve (color circles and squares, respectively) (Varga et al., 2015 flux induces intracellular Ca 2þ release from the sarcoplasmic reticulum, which in turn causes myocyte contraction. Similar to Na V 1.5, the Ca v 1.2 a subunit contains four transmembrane domains (DI-DIV) connected by intracellular linkers, and each is composed of six transmembrane spanning segments S1eS6 with the VSDs formed by S1eS4 and the pore by S5eS6 (Catterall, 2011 /Camodulin binding to the C-terminus (Imredy and Yue, 1994; Zühlke et al., 1999) . Each VSD of the a subunit contributes to the gating charge displacement differently, due to the distinct amino acid sequences for each domain, and asymmetrical modification by auxiliary subunits (Davies et al., 2007; Hidalgo and Neely, 2007; Minor and Findeisen, 2010) .
Recently, VCF constructs were developed to track the VSDs of Ca v 1.2 (DI-F231C, DII-L614C, DIII-V994C, and DIV-S1324C), revealing that each VSD displays different voltage-dependent activation kinetics ( Fig. 4A) (Pantazis et al., 2014) . The VSDs in DII and DIII activate most rapidly, comparable to the time required for channel pore opening, suggesting that these two VSDs are the ratelimiting step for Ca v 1.2 channel activation (Fig. 4B ). In contrast, DIV-VSD activation is the slowest, indicating DIV-VSD may be involved in voltage-dependent inactivation (Fig. 4A ), similar to the VSD roles observed in Na þ channels. Due to the distinct time and voltage-dependence of each VSD, the time course of Ca v current is poorly predicted using an obligatory model, where activation of all VSDs is required for pore opening. Instead the VCF data is more consistent with an allosteric model where each VSD facilitates pore opening to a different degree (Fig. 4B ). This allosteric model best fits experimental results when pore opening is mainly facilitated by DII and DIII-VSD activation (Pantazis et al., 2014) .
Recent work has shown that Ca 2þ regulation of Ca V 1.2 and Na V 1.5 is evolutionarily conserved (Ben-Johny et al., 2014) . This notion of similar regulation can now be further extrapolated to the VSDs, where allosteric regulation of pore opening by the DII and DIII VSDs in both channel families may regulate channel activation, while slower channel kinetics are affected by DIV-VSD activation.
The Ca V 1.2 channel a 1 subunit is tightly regulated by several Fig. 3 . A) Brugada Syndrome mutations A735V and G752R (red stars) located on the DII-VSD S1 and S2. B) Normalized fluorescence traces of DII-A735V (left) and DII-G752R (right) (green), compared to WT DII (black). G-V curve (black circles), SSI (black squares), and the corresponding fluorescence voltage relationship FeV curve (green circles and squares, respectively) of DII-A735V (left) and DII-G752R (right) (Varga et al., 2015) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 accessory subunits, including the a 2 d subunits, a g subunit, and multiple b subunits (b 1 e b 4 ). These subunits influence channel gating kinetics, charge movement within the channel, and regulation by intracellular signaling molecules (Hofmann et al., 2014) . Moreover, heart failure-induced alteration of Ca V 1.2 interaction with its b subunits has been implicated in pathological changes in I Ca,L and the action potential (Bodi et al., 2005) . Future work has the potential to reveal the molecular mechanisms of these interactions, providing key insight into the regulation of a key physiological and disease-linked I Ca,L transitions. From a computational perspective, I Ca,L kinetics are central to the behavior of all ventricular AP models Faber et al., 2007; Rudy and Silva, 2006) , and a VCF-informed model of I Ca,L is likely to be much more predictive than the phenomenological models that are currently used. Moreover, recovery of I Ca,L from Ca 2þ -and voltage-dependent inactivation at the end of the AP is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66   67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130 JPBM1081_proof ■ 29 December 2015 ■ 6/15
central to the formation of the early after depolarizations that have been implicated in arrhythmia initiation. Thus, by constructing I Ca,L models based on VCF, the molecular movements that cause arrhythmic tissue-level bifurcations may be identified.
Slow delayed rectifier potassium channel Kv7.1
The two main voltage-gated channels that cause cardiac AP repolarization are the slow (I Ks ) and rapid (I Kr ) delayed rectifier potassium currents. I Ks is carried by the heteromeric complex of the Kv7.1 (KCNQ1, Q1) pore-forming subunit and the KCNE1 (E1) accessory subunit (Barhanin et al., 1996; Sanguinetti et al., 1996) , while channels formed by the Kv11.1 (KCNH2) pore-forming subunit and the KCNE2 (E2) accessory subunit conduct I Kr (Abbott et al., 1999; Sanguinetti and Tristani-Firouzi, 2006) .
The efflux of positively charged K þ ions passing through these channels repolarizes the membrane, thereby controlling AP duration. When AP duration is excessively prolonged, patients are diagnosed with Long QT syndrome, and are predisposed to lifethreatening arrhythmias. Such conditions can be caused by loss of function mutations in the pore-forming (LQT1 and LQT2) or accessory subunits (LQT5 and LQT6) of Kv7.1 and Kv11.1 channels (Abbott et al., 1999; Bianchi et al., 1999; Curran et al., 1995; Q.Wang et al., 1996a,b) .
Voltage-gated K þ (K v ) channels share a similar overall structure with Na v and Ca v channels, with the major difference that the K v channels are composed of four identical or similar subunits that are not connected covalently (Long et al., 2005) . Due to this structural difference, K v channel subunits are thought to function more symmetrically during gating than Na v or Ca v channel domains.
Early models of voltage-gated K þ channel gating were based on the Shaker channel. These linear models assumed that the VSDs moved independently in response to the voltage change, and that full activation of all four VSDs was required for channel opening (Schoppa et al., 1992; Zagotta et al., 1994) . Since the link between VSD activation and pore opening in Shaker is very strong, and the latter obligatorily follows the former, these models did not include separate quantities to characterize the coupling between the two events.
VCF has shown that in contrast to these classical Shaker-type mechanisms, KCNQ1 channels have a much looser connection between VSD activation and pore opening. As in Shaker, wild type KCNQ1 VSD activation and channel pore opening have similar voltage-dependence and kinetics. However, mixing mutant channel subunits that shift both the VSD and pore activation left or right on the voltage axis caused separation of the two events and VSD movement could be detected at potentials that were more positive than pore opening (Osteen et al., 2012) . Further work revealed VSD motion even in a locked-open KCNQ1 mutant channel, further arguing against an obligatory linear activation mechanism and supporting an allosteric connection between the two domains (Zaydman et al., 2013) . In this type of scheme, full activation of all VSDs is not obligatory for pore opening, but the activation of each VSD increases the probability of opening.
The I ks current in native cardiac myocytes has dramatically different kinetic and steady-state parameters and pharmacological properties from the pore-forming KCNQ1 current when expressed alone. Association with KCNE1 augments current amplitude, shifts channel opening toward positive potentials by a large amount, and slows opening kinetics (Barhanin et al., 1996; Sanguinetti et al., 1996) . The nature of the interaction between the two subunits has been the subject of intense debate. Direct effects of KCNE1 on VSD activation or pore opening have been suggested (Nakajo and Kubo, 2007; Rocheleau and Kobertz, 2008) , along with other alternative mechanisms (K. W . Wang et al., 1996a,b) . The latest VCF results shed more light on the details of the interaction. (Ruscic et al., 2013) found that, in contrast to KCNQ1 alone, gating currents could not be recorded in the presence of KCNE1 because of the drastically slowed VSD movement. Similarly to VCF, gating currents provide information about conformational rearrangements of the channel, but report on the global charge movement of the protein rather than local changes in the vicinity of the VSD. In addition, gating currents can become unresolvable during slow transitions, when VCF still produces a measurable fluorescence signal. Thus, using VCF, they observed close correlation between VSD activation and pore opening above À90 mV in KCNQ1/KCNE1 channels, and concluded that the former is affected by the association with E1 and becomes rate limiting in channel opening. These results question an allosteric gating mechanism and support a Shaker-like linear activation.
However, when VSD movement was observed by two other groups over a wider voltage range starting at more negative values, a large voltage gap was detected between the FeV and GeV functions, indicating that a significant amount of VSD activation takes place before the channels begin to open (Osteen et al., 2010; Zaydman et al., 2014) . Furthermore, two phases of VSD movement during activation were identified: a larger scale, fast movement at negative potentials that carries most of the gating charge, and a smaller, slower one at positive potentials.
The allosteric scheme of Zaydman et al. suggests that the first phase of VSD activation leads to an intermediate state, from which KCNQ1 channels can open in the absence of KCNE1, but not in the presence of KCNE1. Pore opening with KCNE1 occurs only with the activated state of the VSDs, and the permeability properties of the pore differ in the two states due to the different interactions between the VSDs and the pore. This observation explains the higher conductance and altered pharmacology in the presence of KCNE1. The same allosteric scheme describes KCNQ1 gating with and without KCNE1 association, with only the VSD-pore interactions modified in the model by KCNE1. Thus, the model reproduces most of the effects of KCNE1 without assuming any direct influence on VSD activation or pore opening (Zaydman et al., 2014) .
Barro-Soria et al. interpreted their VCF data to arrive at a very similar 6-state model (Fig. 5A) , in which the four VSDs first move independently, followed by a concerted movement of gating charge in all four subunits during channel opening. As in Zaydman's model, KCNE1 association is assumed to affect the VSD-pore coupling, which manifests as a shift of the main VSD movement to more negative potentials, a shift of pore opening to more positive potentials, and slowed opening kinetics due to the stabilization of the activated closed state (intermediate-closed state in Zaydman's model). In Barro-Soria's model, the second fluorescence component is attributed to the pore opening step (Fig. 5B) , which cannot occur before all four VSDs have activated. In contrast, in Zaydman's model the second component represents the intrinsic second phase of VSD movement, which occurs even in the absence of KCNE1; pore opening, albeit with low probability, is allowed before the full activation of all four VSDs.
Thus, despite some remaining differences, the two latest models seem to agree that the observed effects of KCNE1 association can be explained by altered interactions between the VSD and the pore, that is, the coupling between the two functional domains. In particular, the activated-closed (or intermediate-closed) interaction is strengthened by KCNE1 association, meaning that after the first phase of VSD movement the pore is less likely to open in the presence of KCNE1. Zaydman's model uses a coupling constant to characterize each pair of VSD-pore conformations, rather than a single averaged one as in previous models. This way the strength of the activated-open interaction can also be increased, and the model could successfully recapitulate the main features of KCNQ1 gating 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 in both the absence and presence of KCNE1. These new models, which are based on VCF results, illustrate that channel function can be just as drastically altered by the modulation of coupling as by direct effects on VSD movement or pore opening. The mechanism of coupling, which was originally thought of as a rigid proteineprotein interaction, now clearly seems to be more complex, in some cases requiring a lipid, while in others not requiring continuity in the channel protein for gating to occur (L€ orinczi et al., 2015; Zaydman et al., 2014) .
Several ion channels have been shown to be modulated by the anionic phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2), found in the inner leaflet of the plasma membrane (Kruse et al., 2012) . Members of the KCNQ family stand out in that they completely fail to conduct current in the absence of PIP2. Membrane lipids in general can affect ion channel function by various means. Beyond the obvious physical changes that are caused by the alteration of the lipid composition, such as in fluidity and mechanical stress, it has become clear that lipids can also interact with ion channels in more specific ways, for example by rearranging the microdomain structure, modifying local electric potential profiles, or even specifically binding to them (Bock et al., 2003; Combs et al., 2013; Martens et al., 2000; Rosenhouse-Dantsker et al., 2013) . VCF is well-suited for the study of such phenomena, as effects on the VSD or the pore can be distinguished.
The effect of PIP2 on KCNQ1 channels was studied by coexpressing the lipid-phosphatase CiVSP (Murata and Okamura, 2007; Murata et al., 2005) and activating it by voltage pulses. As VCF showed, depletion of PIP2 by CiVSP did not prevent VSD activation, but it inhibited the ionic current through the channels. The energetics of VSD movement were unaffected, as the voltagedependence of the fluorescence signal was not shifted by PIP2 depletion. A strong effect on the conducting pore caused by the lack of PIP2, together with insensitivity of the VSD movement, indicated a loss of coupling between the two domains. In the presence of PIP2, the FeV curve shifted left, indicating that the open state of the pore induced the movement of the VSD at more negative potentials than normal. When PIP2 was depleted, the shift disappeared, and VSD movement occurred at normal voltages, indicating that the open state of the pore was not communicated back to the VSD. Thus, PIP2 was proven to be an essential cofactor in coupling between the VSD and the pore. Based on mutational data and homology modeling, they proposed a general model, in which PIP2 binds to the voltage-dependent protein at the interface of the sensor and effector domains and mediates coupling between the two.
To summarize, VCF has shown that the KCNQ1 VSD is loosely coupled to the channel pore, and this interaction is critically dependent on interaction with PIP2. VSD-pore interaction is also modulated by KCNE1 to endow the slow kinetics of the native I Ks channel, and previous computer simulations have shown that these changes are critical in allowing I Ks regulation of AP duration at fast heart rates (Silva and Rudy, 2005) . The new VCF data showing how VSD activation is connected to pore opening may serve to improve these models, as discussed above for Na V 1.5 and Ca V 1.2. In particular, a significant effort has been made to create atomically detailed models of the I Ks VSD, with the aim of connecting its conformation to the dynamics of the AP (Nekouzadeh and Rudy, 2011; Silva and Rudy, 2010; Silva et al., 2009 ). We expect the VCF results described above to prove invaluable for verifying these models, allowing their VSD movement predictions to be experimentally tested. A key question that remains, and could be readily addressed with VCF, is how phosphorylation by protein kinase A (PKA) increases both the rate at which I Ks activates and its conductance, allowing I Ks to significantly determine AP repolarization in the presence of b-adrenergic stimulation.
Rapid delayed rectifier K
The pore-forming subunit of I Kr channels, Kv11.1, has also been studied by VCF, mainly to investigate the gating properties of hERG that allow it to return to the open state during the late phases of repolarization to determine AP duration.
The earliest VCF study on hERG (Smith and Yellen, 2002) acquired signals from three adjacent positions near the external end of S4, each of which reported a unique fluorescence signal. A slow fluorescence change observed with all three VCF constructs (E518C, E519C, and E520C) had kinetics that resembled hERG activation and deactivation, and the FeV curve of one mutant closely matched the G-V relationship. When deactivation was modulated by the NH 2 -terminal deletion D2À137, the kinetics of the slow fluorescence component paralleled the kinetic changes of deactivation.
Based on these observations and the proximity of the reporter positions to the VSD, the authors suggested that the slow 8   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 fluorescence change reported on S4 movements that underlie HERG activation gating rather than the opening and closing of the pore. The authors tried to correlate the fast component of fluorescence shown by E518C and E519C with the fast inactivation and recovery of the channel, and found a good match between the kinetics of the processes. However, the alterations of inactivation kinetics, either by TEA or by mutations, did not affect the fast fluorescence component, indicating a lack of a causal link between the two. The electrochromic effect, discussed above, was suspected to cause the extremely fast kinetics of the fast fluorescence decrease upon initial depolarization. However, because the fast fluorescence component had similar state dependence, nonlinearity, and voltage dependence to channel inactivation, it was suggested that this movement could also be connected to be a fast VSD movement linked to inactivation.
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Thus, even though a direct correlation among the various fluorescence states and gating states of the VSD and the pore could not be established, the authors devised a model with two distinct, but coupled motions of the VSD that could reasonably recapitulate the observed fluorescence and current data (Fig. 6A) . They concluded that the unusually slow activation kinetics of hERG may be attributed to slow VSD movement, and suggest that fast VSD movements may be linked to inactivation. Later, the existence of two hERG VSD kinetic components was confirmed by gating current measurements that reflect the movement of S4 charges across the membrane electric field (Piper et al., 2003) .
Further work showed that two endogenous cysteines in the S1eS2 linker distorted the signals reported by the S4-labeled positions (Es-Salah-Lamoureux et al., 2010) . Removing these endogenous cysteines enabled cleaner measure of VSD activation. As in the previous two studies, upon depolarization, the fluorescence showed two kinetic components (Fig. 6B) . However, in contrast to previous work, the authors attributed the fast component to a fast VSD movement and the slow component to a second conformational rearrangement of the protein also sensed by the reporter dye, which represents channel opening upon depolarization and channel closing at hyperpolarization. In an inactivation-removed channel, the initial fast component was still present, supporting the suggestion that the fast quenching step does not report on inactivation processes, but is instead caused by S4 movement.
The voltage dependence of the fluorescence change upon repolarization closely overlapped with that of channel closing, even in the inactivation-removed channel, and application of low pH accelerated ionic current deactivation and the decay of fluorescence tails by the same factor. These observations provided strong support for the idea that the fluorescence signal during repolarization describes pore closure during channel deactivation. Thus, contrary to previous models, this study proposed that VSD movement in hERG is not inherently slow; instead a secondary sequential slow rearrangement following quick VSD movement leads to pore opening, which is also detected by the dye in the vicinity of S4.
Additional processes may influence gating kinetics, such as the electromechanical coupling between the voltage sensing domain and the pore domain via the S4eS5 linker helix , which is less efficient in hERG than in Shaker (Van Slyke et al., 2012) . To test this idea, (Thouta et al., 2014) used proline substitutions and observed VSD movement via VCF in trapped-open channels and concluded that voltage sensor movement is intrinsically slow in hERG channels.
While VCF results that probe the connection between the VSD and pore opening have been confusing, the method has proven useful for studying drug interaction. A recent study used VCF along with other techniques to investigate the mechanism of action of a known hERG activator NS1643. As residue L529 in the S4 of hERG was previously shown to be close to the interaction site of NS1643 and mutation of the equivalent residue in Shaker to isoleucine had a strong effect on the cooperative motion of the VSDs, the L529I mutant was used to study the interaction. NS1643 was found to reduce the voltage sensitivity of VSD movement and slow the return of the VSD to its resting conformation upon repolarization. The authors suggested a direct effect on VSD transitions by NS1643. Their molecular dynamics results indicated that L529 is a key residue in determining the VSD local structure and that the L529I mutation introduced a kink in the S4 helix and consequently affected NS1643 binding by regulating the appropriate structure of the binding site. According to their model, binding of the hydrophobic NS1643 weakens the strength of a saltbridge that stabilizes the resting state of the VSD thereby promoting easier activation upon depolarization, which is then stabilized by direct interaction of the drug with another residue. Based on the experimental results, a kinetic model was devised, which indicated that NS1643 affects early gating transitions of the VSD that precede the opening of the activation gate . Thus, this study illustrates how VCF data may be used to parameterize kinetic models. from hERG E519C channels in the C445V:C449V background, which prevents the labeling and the consequent contamination of the VCF signal by two endogenous cysteines. The membrane was depolarized to þ40 mV for 1 s, from a holding potential of À80 mV and then returned to À110 m V ( Es-Salah-Lamoureux et al., 2010). The signal obtained was qualitatively similar to that of Smith and Yellen, but was cleaner due to improved signal to noise ratio. B) Although Smith and Yellen could not establish a clear association between the fluorescence signals and gating transitions of the channel, they devised a model with four VSD states that reproduces the observed kinetics reasonably well. The two assumed conformational motions of the VSD are between the deactivated (r) and activated (R) and the non-inactivated (q) and inactivated (Q) states, the former corresponding to the slow, the latter to the fast component of fluorescence (Smith and Yellen, 2002 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66 Although VCF experiments have provided some insight into the nature of hERG gating, a consensus model that relates the observed signals to channel gating remains elusive. Future studies that simultaneously perturb both the VSD and ionic current kinetics, perhaps with Long QT Type 2 linked mutations, may eventually allow resolution of these questions.
Naþ/Kþ ATPase
In cardiac tissue, the Na þ /K þ ATPase plays an important role in maintaining the membrane potential and ion homeostasis. The enzyme is a member of P-type ATPase family, homologous to sarcoplasmic reticulum Ca 2þ -ATPase (SERCA) (Axelsen and Palmgren, 1998; Geering et al., 1989) . During ATP hydrolysis, Ptype ATPases are phosphorylated at a highly conserved aspartate residue (Axelsen and Palmgren, 1998) . Na þ /K þ ATPase is composed of two mandatory subunits, the a and b subunits (Jorgensen and Pedersen, 2001 ). The a subunit contains 10 transmembrane segments, including Na þ /K þ ion binding domains, cytoplasmic phosphorylation sites, inhibitor (ouabain and digitoxin) and activator binding domain (Kaplan, 2002) . The b subunit is a single membrane spanning protein, which acts as chaperone to assure proper folding and expression of a subunits on the cell membrane (B eguin et al., 1998; Colonna et al., 1997) , and it was also shown to modulate cation binding affinity to the a subunit (Jaisser et al., 1994) . The a subunit has four isoforms, a1 through a4, while a3 is the most abundant isoform in heart (Schwinger et al., 2003; Zahler et al., 1996) .
In cardiomyocytes, cardiac glycosides have been shown to bind to Na þ /K þ ATPase and cause a positive inotropic effect by inhibiting the enzyme's activity (Schwinger et al., 2003) . This inhibition increases the intracellular Na þ concentration, which reduces Na þ /Ca þ exchanger driving force, leading to elevation of Ca 2þ intracellular concentration during repolarization phase (Schwinger et al., 2003) . In heart failure patients, the Na þ /K þ ATPase concentration is reduced by~40% (Schwinger et al., 2003) . More specifically, expression of the a1, a3, and b1 subunits have all been shown to be significantly reduced (Schwinger et al., 2003; Zahler et al., 1996) . Cardiac glycosides, such as digoxin, have been regularly prescribed to patients with congenital heart failure (England, 1997) and atrial fibrillation (Falk et al., 1987) .
The Na þ /K þ ATPase reaction cycle is described by the AlbersPost Scheme (Fig. 7A) (Albers, 1967; Post et al., 1972) . The enzyme mainly transforms between two primary conformational states, E1 and E2. In the E1 state, the enzyme has ion binding sites facing the cytoplasm for K þ releasing and Na þ rebinding, while after phosphorylation, the enzyme switches to the E2 state, where the ion binding sites face extracellularly and the Na þ ion passage is occluded. The helix M5 and the M5-M6 loop were shown to be important in the coupling between ATP hydrolysis and ion 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 transport, during which they translocate by up to 5 Å during Na (Cha et al., 1999b; Glauner et al., 1999) . Traditionally, conformational information is obtained by measuring transient pump currents under the Na þ /Na þ exchange condition (Holmgren et al., 2000) . However, this method provides limited information about the enzyme conformation under Na þ /K þ turnover conditions. Recently, the Bamberg group employed VCF to study the Na þ /K þ conformational dynamics and its subunits' interactions. Cysteine scanning mutagenesis on the M5-M6 loop of the sheep a1 subunit identified the N790C residue that, when tethered to fluorophore, can produce a fluorescent signal in response to transmembrane potential change and extracellular solution change (Geibel et al., 2003) . Under Na þ /Na þ exchange conditions, dephosphorylation happens very slowly while the enzyme shuttles between the E1P and E2P transitions in response to the transmembrane voltage change, generating a transient current due to Na þ release and rebinding (Geibel et al., 2003 (Geibel et al., 2003) . With increasing [K þ ] concentration, fluorescence had a higher stationary value at À80 mV, suggesting an accumulation of the E1P state (Geibel et al., 2003) . The fluorescence voltage relationship showed a positive shift in V 1/2 and a decrease in slope when the K þ concentration was elevated, from which the authors concluded that the K þ transport steps in the Alber-Post Cycle leads to an inward transport of positive charges that is less electrogenic than the Na þ transport mode (Geibel et al., 2003) .
Even though the N790C construct successfully reports fluorescence signals describing the Na þ /K þ pump conformational changes, this mutation alters the ion pump kinetics by causing a significant negative shift in the V 1/2 of the E1P/E2P states distribution, and slows the transient Na þ current kinetics under Na þ /Na þ exchange condition (Geibel et al., 2003) . In 2005, Dempski et al. identified three residues on the Na þ /K þ pump b subunit (S62C, F64C, and K65C) that, when coexpressed with the a subunit, exhibit fluorescence changes (Dempski et al., 2005) . However, fluorescent signals from F64C b show an additional slow component, and neither the fast nor slow components correlates with the pump E1/E2 conformational change. The K65C b construct alters the transient Na þ current kinetics under Na þ /Na þ exchange condition, suggesting this charge neutralization mutation may affect the voltage dependence of cation binding and release to the pump. In contrast to N790C construct, S62C b VCF construct does not alter the pump kinetics, suggesting that using fluorescence labeling of the b subunit provides more physiologically relevant information on pump conformations under different ion transport modes (Fig. 7B ) (Dempski et al., 2005) .
The development of the VCF technique for the Na þ /K þ ATPase facilitated the study of post-translational modulations of the pump, such as glycosylation (Dürr et al., 2008) , b subunit binding (Dempski et al., 2006) , and FXYD family of proteins interactions (Dempski et al., 2008) . Despite the great advancement made in understanding the pump mechanisms, these VCF results have not been linked to the cardiac context. Further studies of the isoform a3 Na þ /K þ ATPase, and the cardiac glycosides' effects on the pump conformational dynamics, could be conducted using VCF.
From a computational view, the role of the Na þ /K þ ATPase is often overlooked, due to the slow nature of its effect on the AP, which is exerted by its control of the intracellular Na þ concentration. However, in addition to the ATP-sensitive K þ current (Nichols, 2006) and I Ks , the Na þ /K þ ATPase provides one of a few connections to ATP concentration, a critical cell parameter that is altered during ischemia. Given the complex dependence of pump function on ionic concentration, pH, membrane potential, and ATP/ ADP concentration, its contributions to myocyte physiology and pathophysiology during ischemia will not be easily inferred. Thus, the results described above could significantly improve mechanistic models of the Na þ /K þ ATPase (Oka et al., 2010) , and improve our understanding of its role in determining the electrophysiology under nominal and ischemic conditions.
Emerging methods
While VCF in its current form has produced many exciting results and many more are on the horizon, several limitations remain. Some of these may be resolved and new information may be gained by using emerging methods such as patch clamp fluorometry, fluorescent un-natural amino acids, and VCF-based distance measurements, which we will discuss in this section.
Patch-clamp fluorometry
Patch-clamp fluorometry (PCF) adapts the VCF principles of measuring conformational changes by disulfide conjugated fluorophore quenching to excised patches (Zheng and Zagotta, 2000) , allowing higher sensitivity and time resolution for recordings (Zheng and Zagotta, 2003) . PCF typically utilizes the inside-out patch configuration, which allows fluorophore access to intracellular sites and the use of anionic and cationic quenchers to monitor the movement of charged residues. Additionally, excising the patch from the cell removes auto-fluorescence produced by the intracellular milieu. PCF can also be performed in combination with F€ orster resonance energy transfer (FRET), which has 1e10 nm spatial resolution, to gain additional mechanistic insight (Harms et al., 2003; Miranda et al., 2012; Zheng and Zagotta, 2003) . For most PCF experiments, an inverted epifluorescence microscope with a high numerical aperture (NA) objective is utilized to focus on a patch membrane. Due to their responsiveness to small signals, photomultiplier tube (PMTs) and charge-coupled device (CCD) camera are used for signal detection (Zheng and Zagotta, 2003, 2000; Zheng, 2006) . PCF has been successfully applied in various studies of ion channels, such as understanding conformational changes of cyclic nucleotide-gated (CNG) channels upon cyclicnucleotide or Ca 2þ -Camodulin binding (Trudeau and Zagotta, 2004) , and voltage/Ca 2þ dependent conformational changes in BK channels (Miranda et al., 2012) . However, PCF is a technically challenging method, and still has not been widely applied.
Fluorescent un-natural amino acids (fUAA)
Un-natural amino acids (UAA) have been recently incorporated into channels in heterologous expression systems (Beene et al., 2003; Kalstrup and Blunck, 2013a) . The general approach to incorporating UAA into eukaryotic cells is the nonsense suppression method, where an amber (TAG) codon is introduced to site of interest (Liu et al., 2007; Noren et al., 1989) . tRNA that is compatible with UAA is introduced and directed by a proper anticodon to the TAG site, where the UAA will be incorporated into polypeptide by the ribosome (Liu et al., 2007; Noren et al., 1989) . Due to the nature of the incorporation method, the UAA can be inserted at any location on the protein. Two incorporation methods have been applied in studies of membrane receptors and ion channels (Pless and Ahern, 2013) . The first approach can be conducted in various 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 expression systems, including bacteria, mammalian cell types, and other native cells. Suppressor tRNA, aminoacyl synthetase (aaRS), and the gene of interest with a TAG mutation are co-transfected into cells, allowing each cell to synthesize the required proteins (Pless and Ahern, 2013) . The second approach requires co-injection of mRNA containing a TAG codon, and tRNA that contains UAA conjugated in vitro (Pless and Ahern, 2013) . This method is limited to the Xenopus oocyte expression system. However, when incorporating UAA, especially at locations close to the N-terminus of the protein, expression homogeneity of the protein needs to be carefully examined, since leak expression have been observed, due to the reinitiation at non-canonical start codon, or stop codon readthrough (Kalstrup and Blunck, 2015) .
Recently, fluorescent un-natural amino acids (fUAA) have been developed, such as 6-propionyl-2-(N,N-,dimethyl)-amino-napthelene (Anap), which is highly sensitive to its environment, and has a size similar to tryptophan (Chatterjee et al., 2013) . The advantage of the fUAA approach over traditional methods is that the protein is labeled much more specifically, removing background cysteine labeling, and a much smaller fluorophore size (Chatterjee et al., 2013) . Anap has been used to probe the Shaker potassium channel, as an alternative method to VCF (Kalstrup and Blunck, 2013b) . In these studies, Anap was incorporated into three locations: A359 at top of the S4, V234 at the bottom of S1, and H486 at the C-terminal S6 (Kalstrup and Blunck, 2013b) . Tracking H486 revealed that Shaker channel pore opening occurs in two steps, as its fluorescence voltage relationship (FeV curve) contains two components (Kalstrup and Blunck, 2013b) . The first component resides between QV (gating charge-voltage) and GV (conductance-voltage) curve, indicating that this first C-terminal S6 movement is a cooperative event of all four subunits, while it is not sufficient to open the pore (Kalstrup and Blunck, 2013b) . The second component coincides with the GV, suggesting the second transition leads to pore opening (Kalstrup and Blunck, 2013b) . While these initial results are promising, it remains to be seen whether this approach can be extended to channels that do not express at the extremely high levels of Shaker.
Distance measurement by tryptophan-induced quenching
One question that persists in VCF studies is that of the distance between the tracked protein segment and the rest of the channel. Mansoor et al. developed the tryptophan-induced quenching of fluorophore method to study the proximity of amino acids pairs within a protein or proteineprotein interactions (Mansoor et al., 2010 (Mansoor et al., , 2002 . Initially, they investigated bimane fluorescence quenching by tryptophan residue in T4 lysozyme (Mansoor et al., 2002) . They showed that tryptophan can reduce the Bimane fluorescence intensity by up to 80% when within the proximity of van der Waals contact distance (5e15 Å), and this quenching effect is highly dependent on distance and orientation (Mansoor et al., 2002) . When the tryptophan residue is mutated to phenylalanine, the phenomenon no longer persists (Mansoor et al., 2002) . This technique was then applied to study conformational switches of Gprotein coupled receptors (GPCRs), including rhodopsin and beta2-adrenoceptor (b2-AR) (Yao et al., 2006) . In 2010, Mansoor et al. further studied multiple fluorophores that can be used in tryptophan-induced quenching. Different fluorophores exhibit distinct quenching profiles of intensity reduction and fluorescence lifetime reduction, which correlate with fluorophore size, rotational flexibility, and the length of the attachment linker (Mansoor et al., 2010) .
Recently, Pantazis and Olcese applied this technique to probe rearrangement of BK channel transmembrane segments during gating (Pantazis and Olcese, 2012) . The BK channel has noncanonical voltage sensing mechanisms compared to other voltage-gated channels. It has an additional transmembrane segment S0, and besides S4, the S2eS3 segments of the channel also carry charge across the transmembrane field (Meera et al., 1997; Wallner et al., 1996) . When a MTS-TAMRA/TMRM fluorophore is conjugated to the top of S1 or S2, the fluorescence is increased during gating. However, when the tryptophan residue W203 resides on top of S4 is mutated to valine, the fluorescence change is significantly reduced, suggesting that the increase of fluorescence was induced by W203 moving away from the fluorophore (Pantazis and Olcese, 2012) . This result shows that S4 diverges from S1 and S4 during channel activation. By introducing the MTS-TAMRA fluorophore on top of S1 and a tryptophan on different locations of the S1eS2 linker, they observed quenching of the fluorophore by the introduced tryptophan, indicating S1 and S2 segments move closer during activation (Pantazis and Olcese, 2012) .
Concluding remarks
For many years, cardiac AP models have promised to identify novel anti-arrhythmic targets, based on an improved understanding of the nonlinear interactions between the molecules that generate the action potential. However, this promise has remained unfulfilled, in large part because the kinetic transitions that define these models remain unconnected to the molecular movements within channels and transporters that determine their function. VCF provides a means to directly quantify the kinetics of these molecular movements.
Many decades of anti-arrhythmic drug development have shown that the most effective agents interact with multiple channels to control the AP. A prime example is the widely-prescribed amiodarone, which blocks I Na ,I Ca,L and I Kr (Sun et al., 1999) . The relative success of this molecule in comparison to more specific channel blockers suggests that a combination of targets will prove to be more effective than a modulation of a single molecule. The development of VCF-parameterized models for each of the major ionic currents has the potential to define sets of conformations that could be targeted simultaneously. Moreover, it is unlikely that such sets would be intuitively predicted.
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